Polystyrene-polyisobutylene-polystyrene (SIBS) block copolymer films have been electrostatically melt processed in order to induce a preferential orientation in the material microstructure. The results show that electrostatic melt processing is inducing some change in the microstructure, but full reorientation is not being achieved. The low dielectric contrast of the SIBS blocks as well as the relatively short electrostatic processing times are the likely causes of incomplete alignment.
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Introduction
Selective Membranes for U.S. Army Applications
A selective membrane is a barrier layer which is designed to allow efficient transport of only particular fluids, vapors, particulates, or chemicals. Advanced selective membrane materials could provide significant advances in the capabilities of Army forces. Two applications of specific interest are chem-bio suits and fuel cell membranes.
Chem-bio suits must prevent transport of any hazardous chemical or biological agent. Currently fielded chem-bio suits are fabricated from butyl rubber or polyisobutylene films. These materials effectively prevent transport of nearly any physical or chemical species, providing excellent chem-bio protection. A serious limitation of these materials, however, is that they also prevent the transport of water. When a soldier wearing the suit perspires, the perspiration is not able to freely evaporate into the surroundings. As a result, the soldier quickly becomes very hot and uncomfortable, limiting soldier stamina and performance. The discomfort of these suits often prompts soldiers to choose not to wear the suits at all, even in threatening situations, making them highly vulnerable to chem-bio attack.
A selective membrane material could provide significant advantages over conventional materials for chem-bio suit fabrics. This superior barrier material would allow the transport of water through its thickness, while still completely blocking harmful chem-bio agents. Such a material would allow fabrication of chem-bio suits which would be both protective and comfortable, greatly enhancing the capabilities of the soldier.
Fuel cells produce electricity through the steady, low-temperature oxidation of a hydrocarbon fuel. Compared with conventional power sources such as batteries and internal combustion engines, fuel cells are quieter, have a higher energy density, and are scalable over a range of sizes. These advantages make fuel cells well suited to soldier personal power generation and stealthy vehicles.
A critical component in fuel cells is the proton exchange membrane. Maximum fuel cell power and longevity are achieved if this membrane material prevents transport of all species except for hydrogen ions. In most cases, materials which transport hydrogen ions efficiently also transport water molecules efficiently. Therefore, both fuel cells and chem-bio suits could benefit from the development of new membrane materials which allow for selective, efficient transport of water. The demands of Army applications impose that these materials also offer rugged mechanical properties, easy processibility, and relatively low cost.
Polystyrene-Polyisobutylene-Polystyrene (SIBS) Block Copolymers
One promising selective membrane material which has been identified is SIBS triblock copolymer. Due to repulsive enthalpic interactions between its homopolymer blocks, this material phase separates into a two-phase structure.
The particular structure which evolves is determined by the molecular weights of the blocks and processing.
Previous studies have shown that water transport through SIBS films can be enabled by sulfonating the polystyrene phase [1, 2] . The particular grade of SIBS used in these studies formed a structure comprised of cylinders of polysterene (PS) in a matrix of polyisobutylene (PIB). The cylinders had a diameter of ~50 nm and, when cast from dilute solution, formed films in which the cylinders were aligned in the plane of the film.
Since the PS phase is responsible for water transport in the sulfonated SIBS film, it is reasonable to expect that the efficiency of water transport could be enhanced by alignment of the cylindrical PS domains in the preferred transport direction. Unfortunately, thermodynamic driving forces during processing tend to strongly orient the PS phase in the film plane, limiting the thru-thickness transport. Therefore, it would be advantageous to develop a means of processing SIBS films such that the cylindrical PS domains are oriented normal to the film plane.
Electric Field-Induced Orientation in Block Copolymers
Previous researchers have shown that electric fields can be used to preferentially reorient microstructures in block copolymer films [3] [4] [5] [6] [7] [8] [9] . The reorientation is driven by electrostatic forces, which cause anisotropic dielectric structures to align with the electric field direction. The rate at which this reorientation occurs depends on the state of the material during application of the electric field. There are three main reorientation mechanisms-domain dissolution, domain flow, and domain rotation. These mechanisms are illustrated schematically in Figure 1 .
For illustration, we will consider the microstructure of a dielectric ellipsoidal phase immersed in a matrix of a different dielectric phase. Domain reorientation is only possible if the matrix phase of the block copolymer is the melt state. If the ellipsoidal phase is solid, then rotation occurs through solid body rotation through the matrix fluid [10, 11] . This process has been shown to reorient short glass and ceramic fibers in a dielectric fluid [12, 13] . If the ellipsoidal phase is a liquid, then reorientation can occur through deformation and flow of the ellipsoidal phase [14, 15] . This process is, in general, faster that the solid rotation process due to the high hydrodynamic resistance associated with solid body rotation in a fluid. This difference is made even more acute as the aspect ratio of the ellipsoidal phase is increased. The domain flow reorientation mechanism has been demonstrated in block copolymers in only a few cases [9] due to the advantages of the domain dissolution method. Domain dissolution requires a block copolymer system whose homopolymers become miscible above a characteristic temperature called the order-disorder temperature (ODT). Above the ODT, the two-phase structure is replaced by an amorphous structure. Upon cooling through the ODT, the amorphous structure reverts to the two-phase structure. If an electric field is applied during this cooling process, the two-phase structure forms with a preferential orientation in the electric field direction [4] [5] [6] [7] [8] [9] . The kinetics of this alignment process are generally faster than the rotation or flow mechanisms. For this reason, nearly all of the successfully oriented block copolymers have been electrostatically processed using this dissolution mechanism.
Researchers have estimated that the ODT of SIBS is greater than 300 °C [16] , which is well above the thermal degradation limits of the material. Therefore, the domain dissolution mechanism is not applicable to this material. The glass transition temperature (T g ) of PIB (an elastomer) is !70 °C, while the T g of PS is ~95 °C. Therefore, by electrostatic melt processing SIBS well above 95 °C, a domain flow realignment mechanism is possible.
The dielectric constant of PS is 2.5, while the dielectric constant of PIB is 2.2. The resulting ratio of dielectric constants is 1.14. This dielectric contrast is small, which results in a relatively low electrostatic alignment driving force. As a comparison, Amundson et al. [9] demonstrated electrostatic orientation via domain flow for a PS-polymethylmethacrylate (PMMA) diblock copolymer. The dielectric constant of PMMA is 3.6, providing a dielectric ratio in PS-PMMA of 1.44. (It should be noted that these values for dielectric constant are based on room temperature measurements. The dielectric constants of many polymers change drastically with temperature, so the actual dielectric contrast at processing temperatures may be very different from these room temperature estimations.)
Objective
The objective of this study is to demonstrate the use of electrostatic melt processing to create thick SIBS films in which the cylindrical PS phases are oriented normal to the film plane. The use of SIBS film is unique to this work and has two important implications. First, the relatively low dielectric contrast of the phases, as well as the limitations of the domain flow mechanism, will make electrostatic alignment very challenging. Second, if alignment in SIBS films is achieved, it will open the possibility for enhanced film transport properties. The use of electrostatic melt processing for modification of material transport properties is a unique application of this processing approach. Figure 2 shows the electrostatic melt-processing apparatus used in this investigation. The SIBS sample is sandwiched between electrodes which are attached to a high-voltage power supply. The electrode-SIBS-electrode sandwich is placed on top of a resistive strip heater, which heats the SIBS film via direct conduction. The process control thermocouple is located on top of the stack to provide a conservative estimate of the film temperature. A programmable controller is used to control the thermal history of the sample, while the applied voltage is set manually. The entire stack is thermally and electrically insulated from the surroundings. The total stack thickness, from the top of the strip heater to the bottom of the thermocouple, is ~3 mm. Figure 3 shows the electrode and sample geometry in the poling stack. The SIBS film is placed within a 6-mm H 6-mm window of 75-µm-thick Kapton (a registered trademark of DuPont) film. The Kapton window limits flow of the molten SIBS and provides some degree of film thickness control. Typically, 5-mm H 5-mm H 100-µm-thick samples of SIBS film are processed. The electrodes are fabricated from 25-µm-thick aluminized Kapton film, with the Kapton side facing the SIBS film.
Experimental
Electrostatic Melt-Processing Apparatus
Materials
The SIBS used in this study was obtained from Kuraray Company, Ltd., Japan. This triblock copolymer has a PS content of 30 weight-percent, with an average molecular weight of 72,000 g/mol and a polydispersity index of 1. original pellets were melt processed in a hot press to create the 100-µm-thick film used for electrostatic melt processing.
Processing
Because the domain flow mechanism is expected to be relatively slow, it is advantageous to select processing conditions which maximize the rate of orientation. The rate of flow is increased as the phase viscosities decrease. Therefore, the rate of orientation will be fastest at higher temperatures. However, if the processing temperature is too high, thermal degradation will damage the material. We chose to use a processing temperature of 250 °C, a reasonably high temperature at which the rate of thermal degradation is relatively slow.
The rate of flow reorientation should also increase as the electric field strength increases. For a given electrode spacing, the electric field strength increases linearly with voltage. The applied electric field cannot exceed the dielectric field strength of any of the materials in the electrode stack. We found that the Kapton film used for both the sample window and the electrodes exhibited dielectric breakdown at an electric field strength of ~100 kV/mm at 250 °C (the dielectric strength of Kapton film is at least 50% higher at room temperature). During processing, flow of the SIBS material would sometimes create areas where the Kapton faces of the electrodes would be in direct contact. Since each Kapton layer was 25 µm in thickness, dielectric breakdown would occur if the applied voltage exceeded 5 kV. In practice, it was necessary to limit the applied voltage to 3 kV. Since the electrodes were spaced by two 25-µm-thick pieces of Kapton and a 100-µm-thick film of SIBS, the applied electric field strength across the SIBS film was 20 kV/mm at 3 kV.
Increased time in the electrostatic field at elevated temperatures should also improve the degree of reorientation. In practice, 1 hr was the maximum elevated temperature processing time that could be implemented with reasonable consistency. Longer process times frequently led to electrical shorts or component dielectric breakdown, which eliminated the electric field across the SIBS film thickness.
Two different processing runs were performed. In both cases, the sample was heated from room temperature to 250 °C over 30 min, held at 250 °C for 1 hr, and then cooled to room temperature. The cooling rate was not controlled (the heater power was simply turned off after dwell), but the total cooling time was ~1 hr. For the first case, this thermal processing was performed without an applied electric field. In the second case, a voltage of 3 kV (corresponding to an electric field strength of 20 kV/mm) was applied during the entire heating, dwell, and cooling process. As a comparison, microstructural characterization was also performed on film which was neither thermally or electrostatically processed.
These three samples should allow comparison of microstructures for unprocessed, heat-only, and heat with electric field conditions.
Characterization
Small-Angle X-ray Scattering (SAXS)
The characterization of the morphology in the films was done primarily by small-angle x-ray scattering (SAXS). A Rigaku Ultrax 3-kW rotating anode x-ray generator, operated at 40 kV, 60 mA, and with a Cu anode, was the source of the radiation. A pyrolytic graphite monochromator was used to filter out characteristic Cu-K β radiation, leaving only the Cu-K α doublet with an average wavelength of λ = 1.5418 Å. The SAXS camera is an Anton-Paar HR-PHK singlepinhole design, which uses one pinhole 100 µm in diameter 6 cm upstream of the sample to collimate the x-ray beam. A 300-µm scatter shield is located 2 cm upstream of the sample and eliminates parasitic scattering. The data is collected using a Bruker Hi-Star area detector and GADDS software. Circularly averaged intensity is presented as a function of the magnitude of the scattering vector, q (Å -1 ), where q is defined by q = 4π·sin(θ)/λ.
Previously, the maximum length scale for any SAXS feature that could be clearly determined by the unmodified Anton-Paar camera was ~25 nm. This resolution limitation was due to the camera design, which relied upon the emission of xrays from the rotating anode source having a specific geometry. In that case, the rotating anode source acted as an integral part of the collimating optics. The assumption underlying this geometry is flawed and does not work for all x-ray generators. To correct this defect, an additional pinhole was designed and manufactured by Molecular Metrology, Inc., of Northampton, MA. The new pinhole, 200 µm in diameter, is located just downstream of the monochromator, well upstream of the second pinhole, as shown in Figure 4 . The new pinhole is under vacuum, independently adjustable from outside the vacuum, and has a kinematic mount geometry. The SAXS camera now mimics the established geometry of two-pinhole camera design [17] . As illustrated in Figure 5 , the spurious scatter around the beamstop has been eliminated. The ultimate resolution of the camera has been improved from 25 nm to ~45 nm, making the instrument well suited for most basic SAXS studies [18] .
In addition to conventional SAXS data collection, in which the sample is held in a perpendicular orientation to the incident radiation, data was collected for the samples at a series of inclinations to the incident beam. To achieve this geometry, sample holders were physically bent to each of three angles-30°, 45°, and 60°. To perform measurements at 90°, each specimen was cut into strips, which were then affixed on edge to a 0°-tilt sample holder. In this way, five angles of tilt were achieved. 
Transmission Electron Microscopy (TEM)
TEM was performed on representative SIBS samples. After embedding the samples in epoxy for better stability and handling during sectioning, ultrathin sections were collected using a Leica UCT ultramicrotome, operated at cryogenic temperatures, and a Diatome diamond knife. Section thickness was ~50 nm. The ultrathin sections were collected onto TEM grids and then exposed to RuO 4 vapor for 30 min. The vapor stain of RuO 4 provided enhanced mass-thickness contrast in TEM. TEM images were collected using a JEOL 100CX operated at 100-kV accelerating voltage. Figure 6 shows representative TEM data from a sample which was heated and from a sample which was heated and subjected to an electric field. These images show that a cylindrical morphology is present in the samples. Unfortunately, the quality of the TEM data was not sufficient for a thorough assessment of the morphology in real space nor for a definitive conclusion on the effect of the poling process. The low image quality was due to difficulties in sample preparation. TEM required microtomed samples, which were challenging to prepare due to the rubbery nature and thinness of the SIBS films. Sample preparation was further complicated by the small samples sizes and deformed sample geometries produced by the annealing and poling processes. However, it is clear from Figure 6 that the general characteristics of a cylindrical morphology are present in both samples. Hexagonally arrayed microdomains are visible, corresponding to cylinders viewed end-on, as well as elongated microdomains, corresponding to cylinders viewed normal to the cylindrical axis. Figure 7 shows the circularly averaged intensity as a function of scattering angle for the poled, heated SIBS film. The film is normal to the incident x-ray beam. The identification of Bragg reflections at q*√3, q*√4, and q*√7, where q* is the scattering angle of the primary Bragg reflection, is correct for a morphology of hexagonally packed cylinders [19] . Combined with the TEM data from Figure 6 , a positive identification of a cylindrical morphology in the bulk is certain.
Results and Discussion
TEM Results
SAXS Results
Before presenting the results from the tilt angle SAXS measurements, it is useful to illustrate the expected scattering data for some representative morphologies. Figure 6 . TEM micrographs from samples which are (a) heated but unpoled and (b) heated and poled using the electric field apparatus. While the images clearly show the difficulty experienced in preparing these samples for microscopy, the morphology observed appears to be cylindrical, in agreement with the previous work on this material and with the SAXS data collected from these samples. Figure 7 . SAXS data from the heated and poled sample, taken at a φ = 0° tilt and circularly averaged. Bragg reflections at √3, 2, and √7 times the primary Bragg reflections identify the morphology as hexagonally packed cylinders.
(a) (b)
In the simplest case, under equilibrium conditions and in the bulk, a multiplegrained morphology in which the cylinder axes are three-dimensionally, randomly oriented would occur. The patterns obtained for all tilts would be rings as all orientations of the morphology are present in every orientation. This is the most commonly observed type of SAXS pattern in block copolymer morphology studies and is well described by circularly averaged intensity data, as presented in Figure 7 .
However, in this work, the goal was to create a non-equilibrium bulk morphology. Therefore, Figures 8 and 9 show illustrations of the different twodimensional SAXS data that would be expected for several different possible variations of a cylindrical morphology. In Figure 8a , the SAXS data for a single domain of hexagonally packed cylinders oriented perpendicular to the plane of the film is shown. At φ = 0°, six spots appear, reflecting the hexagonal packing of the cylinders. For all other tilt angles, only the reflections arising from the intercylinder distance are seen. In Figure 8b , the expected scattering data for a single grain in the plane of the film is illustrated. The scattering data should mirror that shown in Figure 8a , where the hexagonal symmetry is seen only when the incident radiation is aligned with the cylinder axis. For all other tilt angles, only two spots appear. Figure 9 shows representations of the SAXS data expected for multiple grains of hexagonally packed cylinders. In Figure 9a , a sample with multiple grains of hexagonally packed cylinders, all oriented normal to the sample plane but with randomly oriented hexagonal lattice vectors, is tilted about an axis normal to the cylinders. In contrast to Figure 8a , the hexagonal symmetry here is lost at φ = 0° because all possible orientations of the hexagonal lattice unit vectors are present for cylinders normal to the film. In effect, the hexagonal array seen for φ = 0° in Figure 8a is present in all orientations. However, because all the cylinder axes are perfectly aligned normal to the plane of the film, at any tilt greater than φ = 0°, only the two reflections for the intercylinder distance are detected. Figure 9b shows the most interesting set of expected diffraction patterns for the cylindrical morphology. The domains are all oriented so that the cylinder axes lie within the plane of the film, while the individual grains are randomly oriented with respect to each other. The SAXS data show a marked transition from φ = 90° to φ = 0°. At φ = 90°, even though the different domains are present in all orientations, the hexagonal symmetry is observed because of the symmetry of the morphology in reciprocal space. As the tilt is decreased, the (0 1) reflections are lost, while the (11), (!1 !1), (10), and (!1 0) reflections draw closer to each other in a prescribed manner [5] . Finally, at φ = 0°, the reflection arising from the intercylinder separation appears, but because all orientations of the cylinder axes within the plane of the film are present, the reflections form a ring. Figure 8 . Schematics of the expected SAXS scattering patterns for single-grain structures as a function of tilt angle φ. The tilt angle increases from φ = 0° to φ = 90° from left to right. Figure 10 shows the SAXS data collected for this experiment. As the sample is tilted, φ increases until it reaches 90°, at which point the x-ray beam is entering the edge of the sample and traveling in the plane of the film. A significant limitation of this experiment was that different sample holders were used for each tilt angle, requiring the samples to be remounted for each measurement.
(a) Cylinders oriented normal to the film plane.
(b) Cylinders oriented in the film plane. Figure 9 . Schematics of the expected SAXS scattering patterns for granular structures as a function of tilt angle φ. The tilt angle increases from φ = 0° to φ = 90° from left to right.
Minor variations in sample rotational position were undoubtedly introduced during this process. In addition to these minor variations, it was possible that the samples were even flipped or fully rotated (in the sample plane) by 90° or 180°. Figure 10a shows the SAXS data collected for the unheated and unpoled sample. For φ = 0°!45°, arcs are seen. At φ = 60° and 90°, the arcs appear wider. The general appearance of two peaks at low angles is consistent with a cylindrical inplane morphology. The fact that the peaks are arcs rather than spots indicates Figure 10 . SAXS data collected at tilt angles for each condition: (a) unheated and unpoled, (b) heated and unpoled, and (c) heated and poled.
that there is some variation in the in-plane alignment of the cylinder axes. The appearance of a more uniform ring at higher angles is consistent with the presence of more cylinders viewed end-on, which would also be expected for the case of a random in-plane cylindrical microstructure. Figure 10b shows the SAXS data collected for the heated and unpoled sample. At φ = 0°, two sharp, strong peaks are clearly evident. At φ = 30°, the two strong peaks remain, accompanied by two weaker but similarly sharp peaks. At φ = 45° and φ = 60°, two slightly broader peaks are observed. At φ = 90°, a more circular diffraction pattern emerges, with very little circular variation for the φ = 90° case. This data clearly indicates the presence of an in-plane cylindrical morphology. The sharpness of the peaks indicates a high degree of long-range order. The only anomalous data is the appearance of the two weaker peaks at φ = 30°. In this case, given the other data, it is likely that the x-ray beam is intersecting a second, large and well-ordered grain of cylinders in the plane of the film. The better ordering in this sample, compared with the unheated and unpoled sample, is not surprising. It is well known that annealing a microphase separated block copolymer sample will allow the self-assembly process to proceed toward equilibrium and remove kinetic entrapment features that tend to blur the morphology.
(a) Tilt series for unheated, unpoled sample.
(b) Tilt series for heated, but unpoled sample.
(c) Tilt series for heated, poled sample. Figure 10c shows the SAXS data collected for the heated and poled sample. At low angles, wide arcs are seen. At φ = 60°, very little scattering is observed. At φ = 90°, a circular pattern is measured, along with a vertical scattering band. This vertical band is most likely an artifact, probably introduced by the presence of supporting Kapton film layers above and below the sample. The low intensity at φ = 60° is surprising and may indicate that a smaller portion of the sample was exposed to the incident beam.
In general, the SAXS results for the heated and poled sample seem to indicate a random in-plane cylindrical morphology. The presence of arcs at low angles rather than uniform rings indicates that there is some in-plane orientational bias to the morphology. This bias would not be present for a morphology of cylinders oriented normal to the film plane. The uniform ring at φ = 90° is also consistent with a random in-plane morphology.
An alternative interpretation of the heated and poled sample is also possible. The TEM data showed that vastly different morphological orientations can exist within a granular structure. If the sample contained some grains with a cylindrical morphology oriented in the film plane, while other grains had a cylindrical morphology oriented normal to the film plane, then a less straightforward SAXS profile would result. At φ = 0°, we speculate that such a granular structure would produce a scattering pattern intermediate between well-ordered in-plane domains (small arcs) and domains oriented normal to the film plane (circular pattern). The data at φ = 0° for the heated and poled sample may be consistent with this result. For this granular structure, we would expect to see some peaks at φ = 90° due to the presence of the microstructure oriented normal to the film plane. Such peaks are not clearly evident in the measured pattern. However, the relative strengths of the scattering patterns for each microstructure feature are not clear. Therefore, it is difficult to predict what the precise averaged scattering pattern would be for these complicated granular structures. At best, we can say with certainty that a majority of the grains for the heated and poled sample are not oriented normal to the film plane.
Conclusions
The SAXS data provides no firm evidence that electrostatic melt processing is causing the SIBS film to orient along the electric field lines, normal to the film plane. The data seems to indicate that the microstructure for the samples is predominantly oriented in the film plane. However, it is also clear that the morphology is different for the heated and unpoled sample as compared with the heated and poled sample. Since the only difference between the samples is the application of an electric field, these results seem to indicate that the electric field is having some effect on the microstructure. One possibility is that the presence of the electric field somehow impedes the formation of long-range order during annealing, although such an effect has never been documented before.
Another possibility is that the microstructure is not fully aligned but is in some intermediate state. In section 3.2, one possibility, a multigrained structure consisting of both in-plane and out-of-plane microstructures, was proposed. Other possibilities exist. If the microstructure was undergoing a domain flow or rotation reorientation mechanism, it is possible that some of the grains possessed some sort of deformed morphology. The physics of phase separation in block copolymers prevent deformation of the cylindrical domains into oblate ellipsoids (as appears in the schematic in Figure 1b ). However, curved or kinked cylindrical domains are possible. The cylinders could also still be straight, but aligned at some intermediate tilt angle between in-plane and out-of-plane. Such a progression was observed for a lamellar microstructure by Amundson et al. [9] . The scattering patterns for such complex morphologies are difficult to predict and sometimes not unique, so it is difficult to rule out such microstructures.
The fact that the block copolymer microstructure has not been completely aligned normal to the film plane by our processing is not entirely surprising. Previous researchers have found that, whether using domain flow reorientation or domain dissolution, up to 24 hr of electrostatic melt processing is often required to produce full reorientation [8, 9] . In these cases, the dielectric contrast of the phases was significantly higher than that of the PS and PIB phases in our SIBS film. Therefore, our material could, in fact, require even more time to fully align.
The inability of our setup to pole films for more than 1 hr is a key limitation of these experiments. Many electrode and sample geometries were tried, but clearly a satisfactory arrangement was not achieved. It is unclear why dielectric breakdown and short circuiting were so difficult to eliminate in our poling stack, as other researchers have achieved much better processing performance.
Another shortcoming of the current results is the lack of good TEM images for the processed SIBS samples. The SAXS measurements provide some information, but the potential complications introduced by intermediate morphologies and granular structures prevent conclusive interpretation. A combination of thorough TEM analysis with SAXS data is necessary to provide unambiguous characterization of the block copolymer morphology.
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